Bone density (BD) is an important factor in osteoporotic fracture risk in humans. However, BD is a complex trait confounded by environmental influences and polygenic inheritance. Sheep provide a potentially useful model for studying differences in BD, as they provide a means of circumventing complex environmental factors and are a similar weight to humans. The aims of this study were to establish whether there is genetic variation in BD in sheep and then to localise quantitative trait loci (QTLs) associated with this variation. We also aimed to evaluate the relationship between fat and muscle body components and BD in sheep. Results showed that there was significant (P Ͻ 0.01) genetic variation among Coopworth sheep sires for BD. This genetic difference was correlated (P Ͻ 0.01) with body weight and muscle mass. A number of QTLs exceeding the suggestive threshold were identified (nine in total). Of these, two (chromosomes 1, P Ͻ 0.05; chromosome 24, P Ͻ 0.01) were significant using genome-wide permutation significance thresholds (2000 iterations). The position of the QTL on chromosome 24 coincided with a number of other body composition QTLs, indicating possible pleiotropic effects or the presence of multiple genes affecting body composition at that site. This study shows that sheep are potentially a useful model for studying the genetics of BD.
Introduction
Low bone density (BD) has been shown to be an important factor in osteoporotic fracture risk in humans [1] [2] [3] . Osteoporosis is a complex disease influenced by environmental factors such as nutrition, exercise, exposure to sunlight, and pharmacologic agents, as well as endogenous variables such as reproductive status, aging, disease states, and serum hormone and mineral levels [4] . However, there is a strong genetic component to BD and an individual's genetic makeup is thought to contribute 60 -70% of the normal variability in BD, in combination with these other factors [4] . Knowledge of the influence of genetics on BD in humans has been obtained from twin studies [5, 6] , multigenerational family studies [7, 8] , and sib pair analyses [9] .
BD is a polygenic trait dependent on the action of a number of genes. A number of functional candidate genes have been associated with low BD. However, results from functional candidate gene studies have not been consistently replicated [10] . For example, the gene for the vitamin D receptor has been found to be associated with BD in some studies [11, 12] but not others [13, 14] .
Quantitative trait loci (QTL) analysis is an alternate approach, which enables identification of a chromosome region associated with variation in a trait of interest. QTL studies of BD have been carried out in humans [7, 10, 15, 16] , mice [4] , and pedigreed baboons [17] . An advantage of this approach is that it enables the identification of positional candidate genes and provides an area for focussed fine mapping experiments. For example, a causative mutation in the lipoprotein (LDL) receptor-related protein related to high bone mass has recently been identified [18] from a QTL on chromosome 11q12-13 detected in humans [19] .
One of the factors hindering advances in osteoporosis research is the lack of an adequate animal model. Primates, dogs, cats, rabbits, mice, and pigs have been used for studying osteoporosis [20] , but the results are often controversial because of (a) the wide variation in bone metabolism and remodeling between one species and another [21] , (b) the use of ovariectomy, steroids, and/or vitamin D deficiency to induce osteoporosis [21] [22] [23] , (c) size difficulties for use in testing bone forming agents, and (d) ethical considerations.
There are advantages in using sheep as an animal model. Sheep have a similar bone remodeling process to that of humans [22] , they are of a comparable size to humans, and they are docile and easily maintained. However, they are not suitable for studies involving oral absorption of drugs, because of their different gastrointestinal system, and the fact that they are quadripedal must be taken into account in interpretation of results. Sheep are potentially an excellent animal model for studying bone disorders associated with BD as well as the mechanisms responsible for bone fracturing and healing. A clearer understanding of the genetics of BD in sheep would provide a means of developing an osteoporotic animal model through breeding.
The aim of the present study was to establish whether there is variation in BD in sheep and, if so, whether some of this variation is due to genetic factors. We then aimed to localise QTLs associated with the genetic variation for BD in sheep. Finally, given that body weight is correlated with BD in humans, we wanted to establish whether body weight and fat and muscle components were correlated with sheep BD.
Materials and methods

Animals
Lines of Coopworth sheep have been selected for and against live weight adjusted ultrasonic back fat depth over the 12th rib over 14 years and 10 generations, since 1981 [24] . Extreme animals from each of the lean and fat lines (three sires and nine ewes per line) were selected on the basis of animal model BLUP (best linear unbiased prediction) breeding values and were mated to produce F 1 cross animals [25] . Five F 1 sires were then reciprocally backcrossed with the parental lines to produce large 1/2 sib families (family sizes: sire 603-150 progeny; sire 608 -168 progeny; sire 610 -37 progeny; sire 616 -171 progeny; sire 620 -105 progeny) over 2 years (1995 and 1996) for use in a QTL detection experiment for body compositional traits. The lambs from each year were managed together until weaning at approximately 10 weeks of age when they were separated into two mobs by sex. At 7 months of age the lambs were moved indoors and given ad libitum access to a high-quality pelleted ration through the winter to ensure high levels of live weight gain over this period.
Phenotypic measurements
Traits associated with BD were measured in both 1995 and 1996. These included birth weight, weaning weight at 10 weeks of age, and autumn weight at an average of 6 months of age. At 9 months of age lambs were weighed and X-ray computed tomography (CT) scanned to measure body composition.
Bone density was estimated from X-ray computed tomography (CT; Siemens Somatom AR.C, Erlangen, Germany) images in a total of 629 lambs at 9 months of age from both year classes. Lambs were CT scanned using a protocol similar to that described for deer [26] . Briefly, lambs were fasted overnight prior to CT scanning. For scanning, lambs were sedated with an intramuscular injection of 0.1 mg/kg acepromazine maleate (ACP, [C-Vet Veterinary Products]). The lambs were then physically restrained in a supine position with forelimbs flexed and hind limbs fully extended.
CT images comprised a series of cross-sectional images recorded at 50-mm intervals throughout the body using a stereological technique [27] . The images were collected from a point behind the rump (i.e., distal to the proximal hind leg muscles) and forward through to the first cervical vertebra. An average of 18 images was recorded for each animal. Images were 400 mm in diameter and 5 mm in width. The X-ray tube operated at 130 kV and 70 mA and the "Body4" reconstruction algorithm was used.
The image density units (Hounsfield units; HU) are related to the physical density of the various tissues [28] . CT images were segmented into fat, lean, and bone based on their HU value ranges. Pixels with densities between Ϫ200 and Ϫ18 HU, between Ϫ17 and 120 HU, and greater than 120 HU were considered fat, lean, and bone, respectively. For the purposes of this experiment bone (i.e., tissues with an equivalent HU range to bone) was classified into one of four groups, namely the long bones, flat bones of the pelvic cradle and scapula, spine, and ribs. Fat comprised the total fat in the body and included the combined subcutaneous, intermuscular, omental, mesenteric, kidney, and channel depots. Carcass lean comprised all tissues that could be identified as muscle mass. The area and average HU density value for fat, lean, and the four bone classes were recorded in every CT image for each individual animal. The average number of images and standard deviations taken for each group was long bones 7.9 Ϯ 0.8; flat bones 6.7 Ϯ 1.0; spinal bones 16.1 Ϯ 1.0; rib bones 5.6 Ϯ 0.8. It was possible to calculate the density and weight of each tissue from the CT image. The weighted average density was calculated as the sum of the mean of HU value multiplied by the crosssectional area of tissue in each image, divided by the sum of the cross-sectional area of tissue in each image. The use of HU density as an absolute value for BD may be influenced by machine drift and beam hardening artifacts [29] . However, the repeatability of HU value measurement in the lumbar spine of adult sheep using this technique in a previous study was high (coefficient of variation of 1.85%; unpublished data) and the residual standard deviation for prediction of BD from HU, for scapula, femur, and rib, was 0.04 g/cm 3 . The prediction of BD (g/cm 3 ) of each tissue was calculated as a function of HU where density ϭ HU ϫ 0.00106 ϩ 1.0062.
Tissue weights were calculated from the volume and average density, where volume was estimated by numerical integration of the tissue area in each image multiplied by the distance between images [27] .
Genetic analyses
Blood samples were collected from all sires and their progeny. The white blood cells in these samples were harvested after ammonium chloride lysis of erythrocytes [30] . Two hundred microsatellite markers, previously mapped in sheep [31] , were screened over the F 1 sires and 138 equally spaced markers that were polymorphic for an individual sire were then used to genotype its progeny and the parents of the F 1 sire.
Statistical analyses
The number of natural classifications for birth and rearing rank was collapsed to 4 after preliminary analysis showed that there were no significant differences between combined groups. The ages of the dams were collapsed to four groups, by classifying all dams greater than 4 years old into one group. The progeny were classified into two types. Type one were the progeny from an F 1 sire across a lean dam and type two were progeny from a F 1 sire across a fat dam.
QTL analysis was performed using the least squares approach [32] within 1/2 sib families. The program used was a Genstat procedure [33] . The model fitted to the phenotypic data included terms which classified birth/rearing rank, gender, age of dam, and type of sire. The adequacy of the fitted model was extensively explored by applying the principle of parsimony [34] to more complex models involving interactions between the classifying terms. The adequacy of the assumptions underlying the statistical interpretation of the estimated parameters was assessed by the informal inspection of residual plots on fitted values, histograms of residuals, and Q-Q plots. Both age-and weightadjusted analyses were performed. The age adjustments allowed for the differences in birth dates of the progeny and the weight adjustment allowed for the differences in live weight of the progeny nearest to the time a particular trait was measured. Initially, analyses were performed in 61 equally spaced steps through each of the chromosomes. The selection of QTLs for further investigation was based on the maximum of -log10 of the P value of the F statistic of the sums of squares for individual sires after all other terms in the model had been fitted. The criterion used was that of Lander and Kruglyak [35] with 26 chromosomes and a genome length of 30.6 M. The permutation test of Churchill and Doerge [36] (2000 iterations) was also used to establish genome-wide significance levels for QTLs close to significance using the Lander and Kruglyak method [35] .
Further statistical assessment was performed by calculating the allele substitution effects in phenotypic standard deviation units, the percentage of phenotypic variation contributed by the QTL, and 1 LOD support intervals for the QTL location [37] . Heritabilities were calculated with AS-REML using univariate models including fixed effects for birth rearing rank, sex, age of dam, scan day, dam source, a covariate for empty body weight, and individual (animal) as a random effect. The analysis used pedigree relationships extending back to the establishment of the selection lines.
The power of the experiment to detect QTLs segregating within the five 1/2 sib families at a genome-wide significance of 0.05 [35] (corresponding to a nominal significance of 0.0012) was evaluated [38, 39] . The QTLs were assumed to be biallelic, with each allele at a frequency of 0.5. Polygenic heritability was assumed to be 0.5.
Results
Phenotypic traits
The means, standard deviations, and minimums and maximums of the phenotypes measured for this study are listed in Table 1 . Bone density measurements had normal distributions as shown in Figs. 1 to 4 . Least squares means among sires, after adjustment for birth rearing rank, sex, age of dam, scan day, and sire type in long, flat, spinal, and rib bone groups, were highly significantly different for all bone groups (P Ͻ 0.01). Correlations of residuals (fixed for birth rearing rank, sex, age of dam, scan day, sire type) between BD measurements and body composition measurements were all highly significant (P Ͻ 0.01) (data not shown). When the residuals were fixed for empty body weight, correlations between BD and carcass lean (muscle) measurements were highly significant (P Ͻ 0.01) while fat measurements were not consistently correlated with BD (Table 2) .
Genetic analysis
A total of 138 markers were genotyped over all progeny resulting in an average of 5 markers/chromosome (average distance between markers 19.7 cM) and a total map length of 2739 cM. QTL analysis identified 9 QTLs for BD on a number of different chromosomes. The results in Table 3 are presented as weight-and age-adjusted QTLs. Four QTLs (those on chromosomes lp, lq, 4, and 7) were significant in either weight-or age-adjusted analysis, but not both (Table  3) . However, in each case, a peak of lower significance is present in the other adjusted analysis (be it age or weight) and the allele substitution effects are similar. The most likely reason is that one adjustment has accounted for a larger proportion of the extraneous variance than the other, resulting in a lower residual standard error.
Of the nine QTLs which exceeded the suggestive criteria of Lander and Kruglyak [35] , two were close to the significance threshold. The permutation test of Churchill and Doerge [36] was used to determine appropriate genomewide significance thresholds for these two QTLs. A QTL for long BD identified on chromosome 1p (sire 608 weight adjusted, between markers BMS482, 92cM, and BM6438, 115cM, Ϫlog(p) ϭ 4.154), was significant (P Ͻ 0.05) (Fig.  5) according to this criterion. Another QTL for flat bone density on chromosome 24 (sire 608, weight and age adjusted, close to marker BP28, 28.8cM, Ϫlog(p) ϭ 3.988) was highly significant (P Ͻ 0.01) (Fig. 6) .
Further statistical dissection of the QTLs for BD with the largest effects (QTLs on chromosomes 1p-long bones and 24-flat bones) showed that these QTLs contributed 9.6 and 9.7%, respectively, of the phenotypic variation associated with BD traits in Coopworth sheep. The long bone and flat bone traits had heritabilities of 0.63 and 0.49, respectively (Table 4 ). There were no differences in the significance of these QTLs in male or female progeny analysed separately. QTL analysis of body composition traits was also carried out to establish whether there were any QTLs for other traits in the same region as BD QTLs. The highly significant BD QTL on chromosome 24 was coincided with minor QTLs for lean carcass content and nonvisceral components (identified using the 1 LOD drop off method) [37] (Fig. 6) .
The power of the experiment to detect QTLs [38, 39] at a genome-wide significance of 0.05 [35] was 0.65 and 0.88 when QTLs had effects of 0.5 and 0.7 phenotypic standard deviations per allelic substitution.
Discussion
The aim of this study was to establish whether BD differed among sheep and, if so, whether the differences could be attributed to genetic components. We have shown that there were highly significant (P Ͻ 0.01) differences in BD among sires, demonstrating the importance of genetic components in contributing to BD variation in sheep. Sire 603 had consistently higher BD than other sire groups and sire 616 tended to have the lowest BD measurements (Table  1) . Differences in BD were highly correlated (P Ͻ 0.01) with body weight and fat and muscle components. However, when the residuals were adjusted for body weight, BD was highly correlated (P Ͻ 0.01) with muscle components, but not consistently for fat components, with estimates close to zero or slightly negative in the case of rib bones ( Table  2 ), indicating that it is muscle that is important for BD rather than fat content in this study. Body weight and fat and muscle components are also correlated with BD in humans [40, 41] and mice [42] . Sowers et al. [43] found that lean mass was associated with BD independent of fat mass, whereas fat mass was only associated with BD in the presence of high lean mass. In contrast, Reid et al. [44] showed associations between BD and fat mass, but not lean mass.
QTL analysis, within individual sires, revealed that there were nine QTLs for BD in this study which exceeded the suggestive criteria of Lander and Kruglyak [35] (Table 3) . However, these criterion are conservative and two of the QTLs detected were very close to significance. These were a QTL for BD of long bones on chromosome 1p and a QTL for BD of flat bones on chromosome 24. For this reason the permutation test of Churchill and Doerge [36] was used to determine appropriate genome-wide significance thresholds for these traits. Using this criterion, both QTLs were shown to be significant (Figs. 5 and 6, respectively) . Further dissection of these QTLs showed that they contributed 9 -10% of the phenotypic variation of BD of long bones and flat bones in sire 608. These traits had heritabilities of 0.63 and 0.49, respectively (Table 4) . From this we can estimate that the QTL on chromosome 1p contributes 15% of the genetic variation of long bones in sire 608 while the QTL on chromosome 24 contributes 20% of the genetic variation for flat bones in sire 608. A number of QTLs have been identified for BD in humans [7, 10, 19, 40] , mice [4, 42, 45, 46] , and baboons [17] . Comparative mapping using sheep, bovine, human, and mouse maps is a useful tool for identifying broad chromosomal regions that are homologous among species. Some of the QTLs identified in this study occur in the equivalent chromosome area as QTLs identified in human and mouse studies. For example, QTLs identified on human chromosomes 1p and 4q [27] are located in homologous positions to the sheep QTLs identified on chromosomes 1p and 17, respectively. This may indicate the presence of common genes affecting BD in different species. The homologous sites in the human and mouse genomes to the sheep QTLs identified in this study are shown in Table 3 .
A number of the QTLs identified in a mouse study Table 2 Correlations of residuals among bone density measurements and body composition measurements for progeny from all sires (n ϭ 631) Note. Residuals were adjusted for birth rearing rank, sex, age, scan day, sire type, sire, and empty body weight. * and ** represent significance levels of P Ͻ 0.05 and P Ͻ 0.01, respectively. coincided with loci linked with adipose tissue and plasma high-density lipoprotein [42] . In the present study only one QTL (chromosome 24) coincided with QTL for other traits measured (Fig. 6) . On chromosome 24, minor QTLs for non-fat visceral components (includes the visceral organs and contents of the small intestine and excludes the lungs and large intestine contents) and lean carcass components coincided with the BD QTL. In postslaughter data, not presented in this paper, QTLs for muscle components and hot carcass weight also coincided with the BD QTL on chromosome 24. These results indicate that the identified region of chromosome 24 may be an area of importance for body composition studies. The locus/loci involved associated with the various traits could be closely linked or acting pleiotropically. Further fine mapping of this region would be required to determine this. This is the first report of BD genetic variation and QTL detection for BD traits in sheep, although other studies have used sheep as a model for studying bone remodelling and osteoporosis [21, 22, [47] [48] [49] . The power to detect QTLs, based on the sizes of the 1 ⁄2 sib families in this study, was shown to be high (0.65 and 0.88 given QTLs with effects of 0.5 and 0.7 phenotypic standard deviations, respectively). In addition to this, the genome scan in this study had an average distance between markers of 19.7cM which falls well within the criteria of 50 cM required for detecting most QTLs [50] . Thus, we are confident that we have detected the majority of major QTLs segregating in this pedigree for BD, although we may have missed QTLs of small effect. The advantages of using sheep as a model for such studies are similar to those for any experimental animal model such as mice, in that environmental factors, such as diet, can be controlled. Similarly, large half-or full-sib families can be quickly generated (1 year) to investigate the genetic basis of a trait. Although sheep are larger than mice and more costly to maintain, their size is advantageous as a model for osteoporosis in that they have a similar body weight to humans, which is important given the associations between body weight and BD shown in humans and the associations in sheep seen in this study. Sheep have the added advantage that they have a similar bone remodelling process to humans [22] .
The genetic variation shown in this study could be used for selection of low and high BD sheep lines for further study of BD genetics and isolation of genes involved. Lines bred for low BD would be ideal for studying the mechanisms responsible for bone fracture and healing and testing the effects of bone forming agents. Fig. 6 . QTLs for bone density and other morphological traits for sire 608 on sheep chromosome 24: QTLs were adjusted for age and weight (Wt). Genome-wide significance determined using Churchill and Doerge criteria [36] . Markers are spaced as follows: OarJMP29 ϭ 0, BM4005 ϭ 18.3, BP28 ϭ 28.8 cM NB. Long, long bones; flat, flat bones; nonfat V, non-fat visceral components, car lean, carcass lean components. . QTL for bone density of long bones for sire 608 on sheep chromosome 1. Genome-wide significance determined using Churchill and Doerge criteria [36] . Markers are spaced as follows: BMS835 ϭ 0, OarCP93 ϭ 28.6, ILSTS29 ϭ 53.9, BMS482 ϭ 91.9, BM6438 ϭ 114.9, MAF64 ϭ 131.6, OarDB6 ϭ 184.5, MAF4 ϭ 269, BMS2263 ϭ 303.4 cM.
